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Introduction
Layered transition metal dichalcogenides (TMDCs) are increasingly attracting interest due to their extraordinary properties in single-layer form. Within this class of materials, molybdenum disulfide (MoS 2 ) has a fairly high in-plane mobility [1, 2] , a large Seebeck coefficient [3] , remarkable mechanical properties Nano Res. 2014, 7(4): 561-571 properties of single-layer MoS 2 has led to the discovery of interesting phenomena such as the control of charged excitons via electrostatic doping and optical control of valley population [11] [12] [13] [14] [15] . Samples of 1L MoS 2 on hexagonal boron nitride (h-BN) flakes were also studied because of their stronger PL emission as compared with 1L MoS 2 on regular SiO 2 /Si substrates. Recently, a detailed study of the low temperature PL emission of thin MoS 2 capped with different materials demonstrated the interaction between the MoS 2 and its dielectric surroundings [16] . This suggests an important effect of the substrate on the luminescence properties of MoS 2 , similarly to the effect of solvent environment reported by Mao et al. [17] .
In this work, we systematically study the effect of the substrate on the PL and Raman signal from single and few-layer MoS 2 . We find a strong influence of the substrate on both the PL peak wavelength and intensity for the single-layer MoS 2 . On all studied substrates, single-layer MoS 2 shows a factor of ~4 enhancement of PL efficiency, relative to the commonly used SiO 2 substrate. This can be explained by a combined effect of the substrate on the doping in the MoS 2 and on the radiative decay rates of neutral and charged excitons. This study represents an essential step towards the characterization of novel heterostructures based on h-BN, MoS 2 and graphene which are recently attracting increasing attention [11, [18] [19] [20] .
Experimental

Sample fabrication and optical characterization setup
We prepared the studied MoS 2 flakes on the SiO 2 (285 nm)/Si and Gel-Film ® substrates by micromechanical exfoliation of natural MoS 2 (SPI Supplies, 429ML-AB) with blue Nitto tape (Nitto Denko Co., SPV 224P). Moreover, we fabricated heterostructures on both conducting and insulating samples. As insulating substrates, we selected silicon oxide (SiO 2 ), Gel-Film ® , h-BN flakes and muscovite mica flakes. As conducting substrates, we employed gold (Au) and few-layer graphene (FLG) flakes. Silicon oxide and gold are widely used in the literature and serve as reference insulating and conducting materials. Gel-Film ® is a commercially available poly-(dimethylsiloxane) derivative, appealing for its possible technological relevance as flexible transparent substrate for optoelectronic applications [21] . By fabricating vertical heterostructures with other two-dimensional (2D) materials (h-BN, mica and FLG), one can study the effect of highly crystalline insulating and conducting substrates on the PL emission of MoS 2 .
The heterostructures of MoS 2 on FLG, h-BN, mica and gold were prepared following the method developed in Refs. [22, 23] . Briefly, we prepared the substrate of interest via mechanical exfoliation (FLG, h-BN, mica) or metal deposition (Au) on the same SiO 2 /Si wafers. Then we exfoliated MoS 2 flakes on a flexible, transparent stamp. The stamp was rigidly connected to a glass slide, inverted and mounted into a modified micromanipulator (Süssmicrotech). Both the substrate and the stamp were then placed under an optical microscope with a long working-distance lens. This enables one to locate the region of interest on the sample (e.g., a FLG flake) and align the stamp carrying the selected MoS 2 flake over it. By carefully bringing the MoS2-stamp in contact with the surface, it is possible to deterministically transfer the selected MoS 2 flake on the substrate. Figure 1(a) shows an optical micrograph of a few-layer MoS 2 /FLG (on a SiO 2 /Si substrate) heterostructure. For clarity, the contours of the FLG and MoS 2 flakes are outlined with white and orange dashed lines respectively. The optical contrast allows one to distinguish the MoS 2 flake from the FLG. Moreover, different number of MoS 2 layers on the FLG flake has different optical contrast, easing their optical identification as described in Refs. [24] [25] [26] .
The quantitative optical characterization of the MoS 2 flakes was carried out with an Olympus BX 51 microscope equipped with a Canon EOS 600D digital camera. The number of layers was determined by Raman spectroscopy and atomic force microscopy (AFM) imaging. The AFM (Digital Instruments D3100 with standard cantilevers with spring constant of ~40 N·m -1 and tip curvature < 20 nm) was used in amplitude modulation mode.
Raman and photoluminescence spectroscopy setup
Raman and PL spectra were recorded simultaneously in a micro-Raman spectrometer (Renishaw inVia) in Nano Res. 2014, 7(4): 561-571 backscattering configuration. The excitation was provided by an Ar laser (λ = 514 nm) as in Refs. [3, 27] . To reject the Rayleigh scattering, we employ a 50/50 beamsplitter and two notch filter centered at the laser line. The system was equipped with a single-pass spectrometer with a grating of 1,800 grooves/mm and a Peltier-cooled CCD array. The slits were set to an aperture of ~20 μm providing a resolution of about 0.5 cm -1 . Typical integration times were on the order of 10 s and power on the order of 250 μW to avoid heating effects [8] .
Assignment of the number of MoS 2 layers
To reliably assign the number of MoS 2 layers deposited on each substrate, we used a combination of complementary microscopy techniques consisting of: Optical microscopy (in reflection and transmission modes, if possible), atomic force microscopy and Raman and PL microscopy. The characterization of all the fabricated heterostructures is shown in the Electronic Supplementary Material (ESM).
We find that the frequency difference (Δf ) between the in-plane Raman mode (E 1 2g ) and the out-of-plane Raman mode (A 1g ) is a reliable quantity to count the number of MoS 2 layers on all the different studied substrates, not only on SiO 2 as in Refs. [5, 7, 8, 24, 28] .
Results and discussion
We have studied the effect of both conducting and insulating substrates on the PL response of singlelayer MoS 2 . This constitutes an essential step towards the characterization of novel heterostructures based on h-BN, MoS 2 and graphene which are recently attracting increasing attention [11, [18] [19] [20] . On SiO 2 , Gel-Film ® and Au, atomically thin MoS 2 was deposited by micromechanical exfoliation from bulk natural molybdenum disulfide [29] . To deposit MoS 2 over h-BN, mica or FLG flakes, the h-BN, mica or FLG flakes were first transferred onto a SiO 2 /Si wafer by mechanical exfoliation and then a deterministic all-dry stamping method was used to transfer the MoS 2 onto the selected Nano Res. 2014, 7(4): 561-571 h-BN or FLG flake [12, 13] .
A characteristic combined Raman and PL spectrum for 1L MoS 2 on FLG is plotted in Fig. 1(c) . The spectrum shows Raman features from MoS 2 close to 520 nm (labeled with an asterisk), the silicon peak at ~528 nm, and the G and 2D Raman active modes of FLG (labeled with a square and circle, respectively). The PL signatures of the MoS 2 flake emerge at ~630 nm and ~670 nm and are associated with emission from the B and A excitonic species, respectively [7, 8, 11, [30] [31] [32] . The inset in Fig. 1 Both Raman and PL features are homogeneous over the surface of the 1L region. This indicates that the all-dry transfer process does not introduce Raman or PL active defects in the MoS 2 . We systematically performed Raman and PL maps for the MoS 2 flakes deposited on the different substrates obtaining qualitatively similar results (see the ESM).
Modelling the substrate-dependent interference and absorption effects
To quantitatively compare the spectra of 1L MoS 2 measured on the different substrates, we need to account for optical interference and absorption effects. When deposited onto a continuous substrate, the MoS 2 flake and the substrate can be visualized as a vertically stacked medium with two internal interfaces ( Fig. 2(a) ). Adding more layers to this medium, as in the case of vertical heterostructures, increases the number of interfaces and complicates the geometry of the optical paths ( Fig. 2(b) ). The differences in the optical constants and thickness of each component of the medium can give rise to optical interference in both the incoming and the emitted light. This substrateinduced interference will have an effect on the absorption of the excitation light as well as the Raman and PL intensity. For the Raman emission of both MoS 2 [33] and graphene [34] on a standard SiO 2 /Si substrate, a model to treat optical interferences has already been developed.
In this section, we extend the model used in Refs. [33, 34] to also include the effect of optical interference at the typical PL emission wavelengths of MoS 2 laying on a multi-layered substrate. The main aim of the model is to calculate the total absorption and emission intensity by taking into account multiple internal reflection at every interface between the media composing the vertical heterostructure ( Fig. 2(b) ). This methodology allows us to account for both interference effects and absorption within each layer composing the stack. Note that this approximation is well proven to capture the main experimental features [33, 34] . We employed both the effective medium approach and the transfer matrix formalism to model the interference effects. Both approaches delivered the same result, supporting our methodology. The full derivations for the model and expression for the electric field amplitudes can be found in the ESM.
We calculate the total emission intensity for all substrates geometries and for a freely suspended 1L MoS 2 . We then define a substrate-dependent enhancement factor of the following form Fig. 2(c) . For the other substrates, we refer the reader to the ESM. In the case Γ -1 > 1, the substrate reduces the emission intensity compared with a freestanding 1L MoS 2 . In the case of 1L MoS 2 on Gel-Film, the enhancement factor is almost constant with wavelength. This is not surprising since the interferometric situation for a suspended 1L MoS 2 (Air/MoS 2 /Air -n Air = 1) is the same as for 1L MoS 2 on Gel-Film (Air/MoS 2 /Gel-Filmn Gel-Film ≈ 1.45).
We normalize the measured data to the freestanding condition by multiplying by Γ -1 . Through this normalization procedure, it is possible to attribute the differences among the spectra to intrinsic differences in the 1L MoS 2 induced by the different substrates. Figure 3 (a) plots the spectra for 1L MoS 2 over FLG Nano Res. 2014, 7(4): 561-571 before (black solid line) and after correction (light blue solid line) and Fig. 3(b) shows the zoom in of the Raman part of the spectra (the dots are measured data and the solid lines are Lorentzian fits). After normalization, there is a factor of ~8 increase in the PL emission and a factor of ~6 increase in the Raman intensity. Note that, despite a strong increase in the intensity, there is no change in the peak position, neither for the Raman nor for the PL. value for SiO 2 . This difference stems from the difference in height and optical constants between the two substrates. Again, the position of the peaks is unaffected by the interference effect of the substrate. This holds for all studied substrates (see the ESM). We can therefore conclude that the substrate-dependent interferometric situation does not perturb the peak emission wavelength while strongly influences the intensity of the emission.
Effect of the substrate on the Raman spectra
Raman spectroscopy has proven to be an effective tool to determine, not only the number of layers of MoS 2 , but also the built-in strain [35] in the layers as well as their doping level [17, 36] . Therefore, analyzing the Raman part of the spectrum allows one to further characterize the fabricated MoS 2 structures. Figure 4(a) shows a comparison of the Raman spectra measured for MoS 2 single-layers deposited onto the different substrates. The intensities of E 1 2g and A 1g modes are clearly modulated by the substrate. We then look at the effect of the substrate on the frequency at which these modes occur. mode on every substrate. The position of the E 1 2g peak seems rather insensitive to the substrate material since it shows less than ~0.4 cm -1 variation across the different substrates. The E 1 2g mode is known to be sensitive to the strain in the material [35] . Rice et al. [35] per % of biaxial strain. In the present case, we can then estimate a maximum strain level of ~0.2% in case of uniaxial strain and of ~0.09% in case of biaxial strain. Furthermore, the Raman response is homogeneous on the surface of the flakes (Fig. 2 and Figs. S1-S5 in the ESM). Thus, we can conclude that strain does not play a major role in our measurements.
While the E 1 2g mode is barely affected by the substrate, the A1g mode shows a sizeable stiffening of up to ~2 cm -1 (Fig. 4(c) ). We note that for the measurements on mica, a spectral overlap between the MoS 2 A 1g mode and the B g mode of bulk mica could arise [38] . We observe an increase in the full width at half maximum of the MoS 2 A 1g mode on mica that could be related to this spectral overlap. We measure the lowest frequency for 1L MoS 2 on SiO 2 and the highest for h-BN.
A stiffening of the A 1g mode can be associated with reduced electron density in 1L MoS 2 [17, 36] . For dielectric layers, doping can come from charged impurities at the substrate/MoS2 interface [39] . While the SiO 2 substrate is known to have a high degree of charge impurities that result in high doping level, h-BN flakes and polymeric dielectrics have much lower density of charge impurities and, therefore, could induce a much lower doping level, in agreement with Nano Res. 2014, 7(4): 561-571 recent studies [2, 39, 40] . For Au and FLG substrates, the main doping mechanism could be direct charge transfer. Physisorbed molecules should not play a major role in the doping, since all the samples were fabricated in and exposed to the same environmental conditions and they were not annealed [40] .
Another possible explanation for the stiffening of the A 1g mode is a change in the strength of the dipolar interaction between the MoS 2 layer and the fixed charges in the different substrates. Since the A 1g mode is the out-of-plane motion of the negatively charged S atoms with respect to the Mo atoms, a different electrostatic environment will provide a change in the potential landscape where the motion takes place. This will not induce intrinsic doping in the 1L MoS 2 but will affect the A 1g frequency. By considering only the Raman part of our measurements, it is not possible to distinguish between the two effects. More insight on this, however, can be obtained by also considering the PL spectrum on different substrates.
Effect of the substrate on the PL emission
Photoluminescence from monolayer TMDCs has been extensively studied and has proved to be a valuable tool to gain insight into their intrinsic material properties [7, 8, 11, 13, 41] . In this section, we study the effect of the substrate on the PL emission of 1L MoS 2 . Figure 5 (a) plots the PL spectra for 1L MoS 2 on the different substrates. The spectra in Fig. 5(a) show the A and B excitonic peaks at ~655 nm and ~630 nm respectively. Moreover, another common feature at ~670 nm appears. This feature can be associated with the emission from charged excitons (trions) of the A excitonic transition (A -) [11] . The other peaks are substrate-dependent features identified according to Refs. [30, 42] . The dashed black line connects the positions of the peak of the PL intensity across all spectra. Both the wavelength and intensity of the maximum PL emission are dependent on the substrate.
By fitting the data to Lorentzian functions (see the ESM), we extract quantitative information about the PL spectra. First we discuss the PL peak intensity. Figure 5 (b) plots the maximum PL intensity measured for all substrates. 1L MoS 2 on SiO 2 shows the lowest PL intensity while all the other substrates studied provide roughly the same enhancement of the PL emission. It is noteworthy that a flexible polymeric substrate results in a similar PL enhancement to that of samples on h-BN with a much easier fabrication route. From studies on carbon nanotubes, it is known that SiO 2 can reduce PL emission by scattering with surface optical phonons [43] [44] [45] . Metallic substrates (Au and FLG) can also affect the PL intensity via additional nonradiative paths for exciton recombination (such as charge transfer processes and dipole-dipole interaction) [46] [47] [48] [49] [50] . While the absolute observed PL intensity on Au is lower than on SiO 2 for the same incident laser power, our substrate model predicts that this is due to interference effects enhancing the light absorbed by the MoS 2 and the collection efficiency from the SiO 2 dielectric (see Fig. S18 ). This implies that the intrinsic light emission from MoS 2 on Au is actually higher than that on SiO 2 . This suggests that the quenching of MoS 2 PL on SiO 2 is worse than on gold, even though the absolute PL emission intensity before normalization is higher for SiO 2 . The stronger PL emission of 1L MoS 2 on gold is also in agreement with a dominant PL contribution from neutral excitons, indicating low doping in the 1L MoS 2 on Au (see the ESM for details). Figure 5 (c) plots the PL emission peak wavelength for all substrates. There is a large (≥10 nm) blue-shift in the emission peak for Au, Gel-Film ® , FLG and h-BN as compared to SiO 2 and mica. This blue-shift can be explained by a relative increase in the luminescence emission from neutral excitons. Due to the large exciton binding energy (~30 meV [11] ), neutral excitons emit at a significantly higher energy than charged excitons. Therefore, an increase in the population of neutral excitons will result in a blue-shifted PL spectrum [11, 40] . Thus, the measured blue-shift in the PL emission peak is an indication that the substrate affects the relative population of neutral to charged excitons.
The relative concentration of charged to neutral excitons can be related to their weight in the PL spectra, defined as
where I i is the emission intensity, N i is the concentration and τ i is the radiative decay rate of either the A or the A -excitonic species. We can obtain γ from the measured PL spectra by determining the relative PL emission intensity of the A and A -transition (see the ESM).
It is well known that in 2D electron systems the relative population of charged and neutral excitonic species is related to the doping level through a chemical equilibrium of the form [11, 51, 52] [36] . It is therefore possible to correlate a change in the trion spectral weight with the frequency of the A 1g mode.
In Fig. 5(c) , we plot the trion spectral weight against the frequency of the A 1g mode for 1L MoS 2 on the studied substrates. The gray dashed line corresponds to the calculated γ including the change in doping as a function of the frequency of the A 1g mode [36] and decay rates from Ref. [11] (see the ESM for further details). The data collected on SiO 2 , Gel-Film ® , Au and FLG are in good agreement with the model. This indicates that for these substrates we can explain a change in γ with a substrate-induced reduction in the Nano Res. 2014, 7(4): 561-571 doping level in the 1L MoS 2 . The data points on h-BN and mica are not in good agreement with the model. For these points, a change in the decay rates of neutral and charged excitons should also be included: For 1L MoS 2 on h-BN it appears that the decay rate of neutral excitons is much larger than for 1L on SiO 2 and while the opposite seems to be the case for 1L MoS 2 on mica. This indicates that the substrate can affect both the background doping and the radiative decay rates of excitonic transition.
Conclusions
We have systematically studied the Raman and PL properties of 1L MoS 2 transferred onto several substrates. While the substrate has little to no influence on the E 1 2g
Raman mode, it significantly affects the A 1g mode. This suggests that the substrate does not cause a noticeable amount of strain in the 1L MoS 2 flakes and indicates a possible effect of the doping level. The study of the photoluminescence reveals that, compared to SiO 2 , all the measured substrates provide an enhanced emission. Interestingly, flexible polymeric substrates show larger enhancements than MoS 2 /h-BN heterostructures and have a much simpler fabrication route, offering the possibility of applications in flexible transparent electronics. Strikingly, the substrate induces sizable changes in the peak emission wavelength and intensity. These changes can be related to substrate-induced variations in the spectral weight and radiative decay rate of charged and neutral excitons.
